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Abstract 
High speed wire electrical discharge machining (WEDM-HS) has been an extremely important and irreplaceable means of 
processing precision parts in aerospace, mold and other fields owing to its unique advantages. The pulse power is the key 
component of the WEDM, which directly restricts the improvement of WEDM overall performance. At present, the pulse power 
used in commercial WEDM-HS equipment, whose processing surface roughness and machining accuracy are low, is generally 
applied to rough machining. This paper develops a multi-mode precision pulse power based on micro controller unit (MCU) and 
double complex programmable logic devices (CPLD), of which electric parameters can be widely adjusted. Effects of capacitance 
on achievable processing thickness and surface roughness are analyzed under controllable resistance and capacitance precision 
pulse power mode. By properly selecting capacitance to make triple of charging time equal to pulse duration, the best surface 
roughness and minimum single pulse energy are obtained when pulse duration, pulse interval and current-limiting resistance remain 
constant. The paper also analyzes and optimizes the parameters affecting surface roughness and processing speed through 
orthogonal experiment. Then five-cutting experiments are conducted using the optimized machining parameters, obtaining that the 
best surface roughness reaches 0.96μm when workpiece thickness is 40mm. 
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1.  Introduction 
Wire electrical discharge machining (WEDM), an 
electro-thermal metal removal process, has been widely 
used in aerospace, nuclear and automotive industries, to 
machine precise, complex and irregular shapes in 
various difficult-to-machine electrically conductive 
materials [1-4]. WEDM is a special form of traditional 
electrical discharge machining (EDM) process in which 
the electrode is a continuously moving electrically 
conductive wire. The wire is kept in tension using a 
mechanical device to reduce the tendency of producing 
inaccurate shapes. The mechanism of material removal 
in WEDM process involves a complex erosion effect by 
rapid, repetitive and discrete spark discharges between 
the wire tool and the workpiece in dielectric fluid. In this 
process, as the material is eroded ahead of the wire and 
there is no relative contact between the tool and the 
workpiece, the material hardness is not a limiting factor 
for machining of materials by this process and there is 
also no residual stress generation in this process [5]. 
According to wire electrode moving in different ways, 
WEDM can be divided into high speed wire electrical 
discharge machining (WEDM-HS) and low speed wire 
electrical discharge machining (WEDM-LS). WEDM-
HS has good performance-to-price ratio, convenient 
operation, a good capacity of processing large thickness 
workpiece and other advantages [6-7]. At present, 
WEDM-HS is mainly used in processing middle and low 
standard moulds and parts. But accompanying higher 
and higher demands for processing parts, WEDM-HS 
has been difficult to meet processing requirements of 
surface quality and machining accuracy of precision 
parts. And now the pulse power used in industrialization 
WEDM-HS equipment is only applied to rough 
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machining because of its large pulse duration and 
machining current, single mode and low processing 
surface quality and machining accuracy. Therefore, it 
can not meet the requirements of the precision 
machining. And it is necessary to develop precision 
pulse power of WEDM-HS. 
The  WEDM process  has  several  machining 
parameters, such as open circuit voltage, pulse duration, 
pulse interval, wire speed, effective wire offset, and wire 
tension, etc. which affect its performance measures 
(processing speed, surface roughness, etc.) [8]. Selection 
of the optimal machining parameters plays an important 
role for obtaining higher surface quality and higher 
processing speed. Improperly selected parameters may 
result in serious consequences, like short circuit and wire 
breakage. Hence, there is a demand for research studies 
which should establish a systematic approach to find out 
the optimal process parametric settings so as to achieve 
the maximum machining performance and efficiency 
from the WEDM process. In this paper, orthogonal 
experiments are carried out to optimize multi-cutting 
machining parameters and five-cutting experiments are 
conducted using the optimized machining parameters. 
2.  Overall design of the pulse power 
In this paper, a multi-mode precision pulse power 
based on micro controller unit (MCU) and double 
complex programmable logic devices (CPLD) is 
designed and its electric parameters can be widely 
adjusted. The overall structure of precision pulse power 
of WEDM-HS is shown in Fig. 1. MCU and double 
CPLDs constitute high-frequency pulse signal generator, 
selection unit of power mode, resistors, capacitors, open 
circuit voltage and discharge state data processing unit. 
Different pulse power modes including TR mode, TC 
mode, TRT mode, TCT mode and TRC mode can be 
chosen by selecting different power switches, resistors 
and capacitors. Direct current (DC) power, resistors, 
power switches and discharge gap constitute return 
circuit of TR mode. It changes conducting frequency of 
power switch to control single pulse energy of WEDM. 
Working principle of TC mode is to change conducting 
frequency of power switch to control charging of 
capacitor so as to realize discharge machining. TRT 
mode is similar to TR mode, but it adds one power 
switch. It generates two groups of different frequencies 
pulse, one is small and the other is large, to control 
conducting of power switches respectively. Compared to 
TC mode, TCT mode adds one power switch which 
controls discharging of capacitor. As for TRC mode, DC 
power, resistors, power switches and capacitors 
constitute charging circuit and power switches control 
charging process of capacitor. Capacitors, power switch 
and discharge gap between wire electrode and workpiece 
form discharging circuit. Through debugging, optional 
ranges of pulse duration and pulse interval are 0.08μs-
20.4μs respectively, which provides conditions of 
WEDM precision machining.  
 
 
 Fig. 1. Overall structure of precision pulse power of WEDM-HS 
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3. Influence experiment of capacitance 
In controllable RC (TRC) mode precision pulse 
power as shown in Fig. 2, WEDM is realized through 
controlling conduction frequency of power switch which 
can control charging and discharging time of the 
capacitor. Machining voltage and current waveform 
under TRC mode pulse power is presented in Fig. 3. 
Hence, capacitor plays an important role in controllable 
RC mode precision pulse power. And it is necessary to 
study the effects of capacitance on achievable 
processing thickness and surface roughness through 
experiments. 
 
 
Fig. 2. Schematic of controllable RC mode pulse power 
Discharge current
Discharge voltage
 
Fig. 3. Machining voltage and current waveform under TRC mode 
pulse power 
In controllable RC mode precision pulse power, 
DC power charges capacitor C through resistor R when 
power switch is turned on. And the charging circuit 
(only considering charging process of capacitor, not 
discharging process) is shown in Fig. 4. U, uR, uc, and i 
in Fig. 3 are open circuit voltage, voltage across the 
resistor, voltage across the capacitor and charging 
current respectively. And in the circuit when t≥0, 
voltage and current differential equation is as follows: 
c
c
c udt
duRCuRiU +=+=                (1) 
And based on equation (1), following equation can be 
obtained: 
)1( τ
t
c eUu
−
−=                            (2) 
where τ is charging time constant and τ=RC. 
The curve and values of voltage across the capacitor 
uc varying along with the charging time t are shown in 
Fig. 5 and table 1 respectively. And experimental 
conditions are listed in table 2. 
 
 
Fig. 4. RC charging circuit 
 
Fig. 5. Curve of uc  varying along with t 
Table 1. Values of uc varying along with t 
Time 
(t) τ 2τ 3τ 4τ 5τ 6τ 
uc 0.632U 0.865U 0.950U 0.982U 0.993U 0.998U 
Table 2. Experimental conditions 
Experimental 
equipment DK7732 WEDM-HS machine tool 
Wire electrode Molybdenum wire (Φ0.18mm) 
Dielectric fluid JR3 emulsifying ointment compound 
working fluid (ratio 1:70) 
Workpiece Cr12 die steel 
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3.1. Effects of capacitance on achievable maximum 
processing thickness 
Because of being unable to predict achievable 
maximum processing thickness of each capacitance, 
cutting style shown in Fig. 6 is adopted to carry out 
experiments which aim at obtaining the effects of 
capacitance on achievable maximum processing 
thickness. It is considered to reach the maximum 
processing thickness when machining process appears 
repeated rollback caused by continuous short circuit. 
 
 
Fig. 6. Cutting schematic diagram about effects of capacitance on 
maximum processing thickness 
In experiments about effects of capacitance on 
maximum processing thickness, open circuit voltage U, 
current-limiting resistance R, pulse interval To, wire 
speed υ are 50V, 10Ω, 14.8μs and 11.58m/s 
respectively. Fig. 7 presents the relationship between 
capacitance and maximum processing thickness when 
capacitance C varies from 0 to 1.27μF and pulse 
duration Ti is 14.8μs. Fig. 8 shows the relationship 
between capacitance and maximum processing thickness 
when capacitance C varies from 0 to 0.69μF and pulse 
duration Ti is 3.2μs. Fig. 9 shows the relationship 
between capacitance and maximum processing thickness 
when capacitance C varies from 0 to 0.071μF and pulse 
duration Ti is 0.72μs. 
A common relationship shown in table 3 can be 
concluded from Fig. 7, 8 and 9. Charging time constant 
τ changes with capacitance C when other parameters 
remain constant. Minimum of achievable maximum 
processing thickness is obtained by properly selecting 
capacitance C to make triple of τ equal to Ti. 
Capacitance C at this point is called C3τ. The maximum 
processing thickness increases no matter capacitance is 
greater or less than C3. In each experiment, because of 
only changing the capacitance C, maximum processing 
thickness can be used as an index to evaluate the size of 
single pulse energy. That is to say, single pulse energy is 
minimum when Ti≈3τ. In above experiments, the pulse 
power is TR mode when capacitance C=0μF. Because of 
added capacitance C, the TR mode pulse power changes 
into controllable RC mode.  
 
Fig. 7. Curve about influence of capacitance on maximum processing 
thickness when Ti is 14.8μs 
 
Fig. 8. Curve about influence of capacitance on maximum processing 
thickness when Ti is 3.2μs 
 
Fig. 9. Curve about influence of capacitance on maximum processing 
thickness when Ti is 0.72μs 
Table 3. Relationship between Ti and τ when maximum processing 
thickness is minimum 
Ti(μs) 
Capacitance C when 
maximum processing 
thickness L is minimum(μF) 
τ 
(μs) 
Relationship 
between Ti 
and τ 
14.8 0.47 4.7 Ti≈3τ 
3.2 0.1 1.0 Ti≈3τ 
0.72 0.024 0.24 Ti≈3τ 
3.2. Effects of capacitance on surface roughness 
In experiments about effects of capacitance on 
surface roughness, open circuit voltage U, current-
limiting resistance R, pulse interval To, wire speed υ are 
50V, 10Ω, 14.8μs and 11.58m/s respectively. 
Workpiece of which thickness is 8mm is machined with 
above parameters and cutting length is 15mm. Fig. 10 
presents the curve about influence of capacitance on 
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surface roughness when capacitance C varies from 0 to 
1.27μF and pulse duration Ti is 14.8μs. 
 
 
Fig. 10. Curve about influence of capacitance on surface roughness 
when Ti is 14.8μs 
Fig. 10 illuminates that the best surface roughness is 
obtained by properly selecting capacitance C to make 
triple of τ equal to Ti. That is to say, to make surface 
roughness minimum, the τ should be about 4.7μs when 
Ti is 14.8μs. In experiments, because of only changing 
the capacitance C, the size of single pulse energy can be 
characterized by surface roughness. In other words, 
single pulse energy is minimum when Ti≈3τ. And this is 
consistent with the conclusion drawn from experiments 
about influence of capacitance on maximum processing 
thickness. Furthermore, the curve in Fig. 10 is consistent 
with that in Fig. 7. When 3τ≤Ti, TRC mode exhibits 
performance of TR mode; Because of charging time in 
TRC mode, single pulse energy of TR mode is larger 
than that of TRC mode. But when 3τ≥Ti, TRC mode 
exhibits performance of TC mode; single pulse energy 
increases with the increase of capacitance. However, 
when capacitance C increases to a large enough value, 
voltage across the capacitor can not reach gap 
breakdown voltage owing to long charging time. 
An effective method to reduce single pulse energy in 
controllable RC mode pulse power is obtained through 
comprehensive analysis of above experiments. Namely, 
minimum single pulse energy can be obtained by 
properly selecting capacitance C to meet the relationship 
Ti≈3τ when pulse duration and pulse interval remain 
constant. In addition, it provides a fast and effective 
method to qualitatively judge the influence of various 
parameters on surface roughness when pulse duration 
and pulse interval remain constant. That is to say, 
maximum processing thickness can be used as an index 
to evaluate the surface roughness. Surface roughness 
increases with the increase of maximum processing 
thickness. This method has many advantages, such as 
small error effect, convenient, accurate and so on. In 
addition, with this method, it can prejudge the trend 
about impact of various parameters on surface 
roughness and then select the optimal parameters in a 
small range. 
4. Multi-cutting technological experiments using 
controllable RC pulse power 
4.1. Design of three-cutting orthogonal experiment and 
results analysis 
In experiments, the thickness of workpiece is 40mm. 
And six factors influencing on surface roughness are 
selected in multi-cutting orthogonal experiment. The six 
factors are open circuit voltage U3 in the third cutting, 
the second relative to the first cutting offset f21, feed 
Table 4. Design of orthogonal experiment and results 
NO. 
Factors Results 
U3 
(V) 
f21 
(μm) 
f32 
(μm) 
Vf 3 
(μm/s) 
Ti2 
(μs) 
To2 
(μs) 
Surface 
roughness 
Ra (μm) 
1 40 30 7 10 3.2 14 2.85 
2 40 40 11 20 4.8 15.6 2.46 
3 40 50 15 30 6.4 17.2 1.85 
4 40 60 19 40 8 18.8 1.36 
5 40 70 23 50 9.6 20.4 2.70 
6 50 30 11 30 8 20.4 2.04 
7 50 40 15 40 9.6 14 1.76 
8 50 50 19 50 3.2 15.6 1.31 
9 50 60 23 10 4.8 17.2 1.40 
10 50 70 7 20 6.4 18.8 1.45 
11 60 30 15 50 4.8 18.8 2.11 
12 60 40 19 10 6.4 20.4 1.61 
13 60 50 23 20 8 14 1.46 
14 60 60 7 30 9.6 15.6 1.51 
15 60 70 11 40 3.2 17.2 2.13 
16 70 30 19 20 9.6 17.2 2.14 
17 70 40 23 30 3.2 18.8 1.33 
18 70 50 7 40 4.8 20.4 1.73 
19 70 60 11 50 6.4 14 1.51 
20 70 70 15 10 8 17.2 1.37 
21 80 30 23 40 6.4 15.6 2.03 
22 80 40 7 50 8 17.2 1.73 
23 80 50 11 10 9.6 18.8 1.58 
24 80 60 15 20 3.2 20.4 1.66 
25 80 70 19 30 4.8 14 1.68 
 
speed Vf3 in the third cutting, the third relative to the 
second cutting offset f32, pulse duration Ti2 in the second 
cutting and pulse interval To2 in the second cutting. The 
experiments are carried out through design of 
orthogonal table L25 (56). Design of multi-cutting 
orthogonal experiment and results are shown in table 4. 
Range analysis and variance analysis of orthogonal 
experiment are shown in table 5 and table 6 
respectively. And R (range) in table 5 and F (ratio of 
deviation squares) in table 6 indicate that influence 
degree of various factors on surface roughness is: 
f21>U3>To2>Ti2>f32>Vf3. In addition, table 6 
shows:F0.05(4,4)<FU3<F0.01(4,4),F0.05(4,4)<Ff21<F0.01(4,4
). That is to say, U3 and f21 have a significant influence 
on surface roughness. 
The curve about influence of various factors on 
surface roughness shown in Fig. 11 is obtained from 
variance analysis of orthogonal experiment. Fig. 10 
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illuminates that the optimal machining parameters of 
surface roughness are U3: 50V, f21: 60μm, f32: 19μm, Vf 3: 
30μm/s, Ti2: 8μs and To2: 18.8μs. Surface roughness Ra 
reaches 1.32μm using the optimal machining parameters 
to process. 
Table 6 shows that deviation squares (DEVSQ) of Vf3 
is less than error. Namely, the influence of Vf3 on 
surface roughness can be neglected. Therefore, in order 
to improve processing efficiency, Vf3 is set to 50μm/s. 
Furthermore, table 6 presents that f21 has the biggest 
influence on surface roughness. Hence, experiments are 
carried out through small range of changes in f21 and the 
results are shown in table 7. And the minimum surface 
roughness reaches 1.25μm when f21 is 50μm. The SEM 
photograph of workpiece after three-cutting is shown in 
Fig.12.
Table 5. Range analysis of orthogonal experiment  
Factor Mean value U3 f21 f32 Vf 3 Ti2 To2 
Ra 
(μm) 
⎯K1 2.244 2.234 1.854 1.762 1.856 1.852 
⎯K2 1.592 1.778 1.944 1.834 1.876 1.828 
⎯K3 1.764 1.586 1.750 1.682 1.690 1.770 
⎯K4 1.616 1.488 1.620 1.802 1.592 1.566 
⎯K5 1.736 1.866 1.784 1.872 1.938 1.948 
R 0.652 0.746 0.324 0.190 0.346 0.382 
Table 6. Variance analysis of orthogonal experiment 
Factor DEVSQ Freedom F F0.1(4,4) F0.05(4,4) F0.01(4,4) Significance 
U3 1.396 4 13.170 4.110 6.390 16.000 * 
f21 1.679 4 15.840 4.110 6.390 16.000 * 
f32 0.292 4 2.755 4.110 6.390 16.000 — 
Vf 3 0.106 4 1.000 4.110 6.390 16.000 — 
Ti2 0.414 4 3.906 4.110 6.390 16.000 — 
To2 0.403 4 3.802 4.110 6.390 16.000 — 
Error 0.11 4 — — — — — 
 
 
Fig.11. Curve about influence of various factors on surface roughness 
Table 7. Experiment about influence of small range of changes in f21 
on surface roughness 
U3 
(V) 
f21 
(μm) 
f32 
(μm)
 
Vf3 
(μm/s) 
Ti2 
(μs) 
To2 
(μs) 
Surface 
roughness 
Ra(μm) 
50 45 19 50 8 18.8 1.41 
50 50 19 50 8 18.8 1.25 
50 55 19 50 8 18.8 1.32 
 
 
Fig.12. SEM photograph of workpiece after three-cutting 
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4.2. Five-cutting experiment 
Five-cutting experiments are conducted using the 
optimal machining parameters based on above 
orthogonal experiment. And machining parameters of 
five-cutting experiments are shown in table 8. The SEM 
photograph of workpiece after five-cutting is presented 
in Fig. 13 and surface roughness is 0.96μm. Meantime, 
the processing speed is 13.78mm2/min. It is clear that 
the surface quality of workpiece after five cutting is 
better than after three cutting through the comparison of 
Fig. 13 and Fig. 12.  
Fig.13. SEM photograph of workpiece after five-cutting 
Table 8. Machining parameters of five-cutting experiment 
 
Open circuit 
voltage U (V) 
Pulse duration 
Ti (μs) 
Pulse interval 
To (μs) 
Capacitance C 
(μF) 
Wire offset 
 f (μm) 
Feed speed 
Vf (μm/s) 
Wire speed 
υ (m/s) 
First 100 30 150 — — 16 11.58 
Second 80 8 20.4 0.1 50 10 9.26 
Third 50 3.2 9.6 0.047 19 50 4.63 
Fourth 50 1.6 4.8 0.024 8 160 1.16 
Fifth  50 0.72 2.16 0.01 4 160 1.16 
5. Conclusion 
This paper develops a multi-mode precision pulse 
power based on micro controller unit and double 
complex programmable logic devices, of which electric 
parameters can be widely adjusted. And optional ranges 
of pulse duration and pulse interval are 0.08µs-20.4µs 
respectively, which provides conditions of WEDM 
precision machining. Effects of capacitance on 
achievable processing thickness and surface roughness 
are analyzed under controllable resistance and 
capacitance precision pulse power mode. Also it 
analyzes and optimizes the parameters affecting surface 
roughness and processing speed through orthogonal 
experiment method. The conclusions can be drawn as 
follows: 
(1) When pulse duration and pulse interval remain 
constant, minimum of achievable maximum processing 
thickness and the best surface roughness are obtained by 
properly selecting capacitance to make triple of charging 
time constant equal to pulse duration. 
(2) In controllable RC precision pulse power, surface 
roughness reaches 0.96μm after five-cutting experiment 
using the optimized machining parameters obtained 
from orthogonal experiment. 
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